Using the Solar Isotope Spectrometer on the Advanced Composition Explorer (ACE), we have measured the 11.0-21.8 MeV nucleon À1 heavy (Z ! 6) element abundances of 39 small solar energetic particle (SEP) events that occurred between 1998 April 3 and 2002 February 26. Using He isotope data from the UltraLow-Energy Isotope Spectrometer on ACE, we have classified the events according to their 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratios. We find that their average heavy-element composition is similar to that of either large gradual events or 3 He-rich events, depending on their 3 He/ 4 He ratio. As seen in recent studies of small SEP events, we find that the heavy-element intensities relative to C increase with the 3 He/ 4 He ratios. The dependence of the heavy-element abundances on first ionization potential (FIP) has been derived, using a model consisting of a power law in Q/M (and Z) times a step function in FIP. We report the magnitude of the FIP factor in each event and find that it varies from $2 to 7 with no clear dependence on the 3 He/ 4 He ratio.
INTRODUCTION AND MOTIVATION
Measurements of the elemental and isotopic composition of energetic nuclei from solar energetic particle (SEP) events can provide information about the sources of the ions and their acceleration. SEP events have been classified into two main types: impulsive and gradual (Reames 1995a) . In gradual events, which have a duration on the order of days, the abundances of heavy SEPs vary from event to event, exhibiting fractionation patterns ordered by their charge-to-mass ratios Q/M (e.g., Breneman & Stone 1985) . The acceleration of the nuclei during these events is understood to occur at shock waves that are driven by coronal mass ejections (CMEs; Gosling 1993; Kahler 1992 Kahler , 1994 Reames 1999 ). On average, the heavy-element composition of SEP material from gradual events reflects that of the corona (see, e.g., Cook, Stone, & Vogt 1984) .
The abundances of heavy SEP elements from gradual events with first ionization potential (FIP) less than 10 eV are characterized by average enhancements, when normalized to photospheric values, over elements with FIP greater than 10 eV by a factor of $4 (Cook et al. 1984) . These enhancements are called the '' FIP effect '' or '' FIP step '' and are present in the corona (e.g., Meyer 1985) , as well as in the slow solar wind (Geiss et al. 1995) .
Unlike gradual events, impulsive SEP events commonly contain enhancements in Fe ($10 times) and in Ne, Mg, and Si ($3 times) relative to coronal abundances (Mason et al. 1986 ; Reames, Meyer, & von Rosenvinge 1994) . In addition, impulsive events frequently have 3 He/ 4 He ratios that can be up to 3-4 orders of magnitude (e.g., Reames et al. 1994 ) larger than the solar wind value of 4 Â 10 À4 (Gloeckler & Geiss 1998) . They are observed to be associated with $keV electron emission from the Sun (Reames et al. 1985) and with impulsive X-ray flares (e.g., Reames et al. 1988) . While the acceleration mechanism in impulsive events may occur after preheating by ion cyclotron wave resonances (Fisk 1978; Temerin & Roth 1992) or could be entirely due to cascading Alfvén waves (Miller 1998) , the exact physical processes involved are not presently well understood. However, it is widely accepted that SEPs from impulsive events originate from localized active regions on the Sun, rather than from a more diffuse region in the corona or interplanetary space as in the shock-accelerated gradual events.
Since SEPs from impulsive events have been shown to originate from source ions with coronal and not photospheric composition (Reames et al. 1994) , it follows directly that just as in gradual events, the FIP effect should be present in SEP abundances from impulsive events. Previously, the magnitude of this FIP effect in impulsive SEP events has not been closely examined. The topic is of interest for several reasons. First, the FIP step in large gradual SEP events has been shown to vary in magnitude from event to event (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 . This variation has not been investigated in small or impulsive SEP events. Second, it has been shown with spectroscopic measurements that the magnitude of the FIP step in selected active regions increases steadily with the age of the region (Widing & Feldman 2001) . Since impulsive SEPs are thought to originate from active regions, it is important to measure the magnitude of the FIP effect in SEPs associated with events from these regions. Finally, the FIP step in active regions on the Sun has been measured spectroscopically to be as high as $15 (Widing & Feldman 1992) , which is much higher than the typical size of the FIP step measured in the corona, solar wind, and gradual SEP events.
In this paper we have examined the heavy-element and He isotope content of 39 small SEP events, using data from the Solar Isotope Spectrometer (SIS; Stone et al. 1998) and the Ultra-Low-Energy Isotope Spectrometer (ULEIS; Mason et al. 1998 ) on the Advanced Composition Explorer (ACE). SIS is composed of two silicon solid-state detector telescopes that are sensitive to the nuclear charge and mass of $10-100 MeV nucleon À1 ions with 2 < Zd30. The ULEIS instrument is a high-resolution time-of-flight mass spectrometer that measures the mass of ions with 2 < Zd 28, at energies from $45 keV nucleon À1 to a few MeV nucleon À1 . With data from these instruments, we have categorized the events according to their 3 He/ 4 He ratios and measured the average heavy-element content in each group. In addition, we have determined the Q/M-and FIPdependent fractionation in each event using a model of a power law in Q/M, times a step function in FIP (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 . We have also examined the effect of replacing Q/M with Z in the model, as Z is expected to have a monotonic relationship with Q/M.
EVENT CHARACTERISTICS

Event Selection Criteria
The 39 SEP events selected for this study were chosen according to several criteria. First, a set of 171 days between 1998 April 3 and 2002 February 26 was identified using SIS data by requiring that the daily averaged 11.0-26.5 MeV nucleon À1 Fe and/or 8.6-19.3 MeV nucleon À1 Mg intensities be greater than a threshold of 5:0 Â 10 À7 particles (cm 2 sr s MeV nucleon À1 ) À1 , and that they not overlap with any large SEP events. For the purposes of this study, '' large '' SEP events, many of which have been previously reported (see, e.g., Leske et al. 2001) , typically have daily averaged 8.6-19.3 MeV nucleon À1 Mg intensities that exceed $5 Â 10 À6 particles (cm 2 sr s MeV nucleon À1 ) À1 at the peak of the event. The lower threshold of 5:0 Â 10 À7 particles (cm 2 sr s MeV nucleon À1 ) À1 was chosen simply to avoid including small SEP events that were difficult to distinguish statistically from background intensities at these energies. Figure 1 shows an example of a small event from this study, compared to a representative large SEP event.
With the set of 171 days selected according to Fe and Mg content as described above, the hourly averaged $3-5 MeV nucleon À1 He intensities from SIS were examined on and around these days. Time periods were identified subjectively that appeared to define complete small SEP events, from onset to termination in the $3-5 MeV nucleon À1 He intensity. One or two events whose intensity versus time profiles suggested that the 4 He and 3 He intensities originated from different SEP events were avoided, thereby excluding time periods with misleading values of 3 He/ 4 He. However, because of the frequent occurrence of these small SEP events, it is likely that up to one-third of the selected events contain multiple injections, probably from the same region on the Sun. This is not expected to alter the conclusions of the study.
The final set of 39 small SEP events, with the times of their occurrences and 0.5-2.0 3 He/ 4 He ratios from ULEIS, are shown in Table 1 . The 3 He/ 4 He ratios are derived from ULEIS instead of SIS because the ULEIS instrument operates in a lower energy range and thus is exposed to higher particle intensities. Also noted in Table 1 are the events that show velocity dispersion or have interplanetary shocks, both of which will be discussed below. The average heavyelement intensities for each of the 39 events in the study have been tabulated in the Appendix.
The sizes of the 39 small SEP events are depicted in the histograms of Figure 2 . Shown in the figure are the average intensities of C, Mg, and 4 He, as well as the distribution of the average 3 He/ 4 He ratios in the fourth panel. The histogram of 4 He indicates that most of the SEP events had an average 4.5-5.5 MeV nucleon À1 4 He intensity that was between 0.001 and 0.1 particles (cm 2 sr s MeV nucleon À1 ) À1 . For comparison, the past study of 228 3 He-rich SEP events by Reames et al. (1994) included events with average 1.3-1.6 MeV nucleon À1 3 He intensities between $0.001 and $0.1 particles (cm 2 sr s MeV nucleon À1 ) À1 . Using the distribution of 3 He/ 4 He ratios ($0.1-10) reported for the 228 events in the study, and assuming a power-law index in the energy spectrum of $À4, one finds that the 4 He intensities in the 228 events from Reames et al. (1994) are generally smaller than those from this study (shown in Fig. 2 ). All of the 39 events in this study are larger than approximately 90% (or 80%, if one assumes a power-law index of À3) of the 228 events discussed in the work by Reames et al. (1994) .
Because of the simplicity of our selection criteria (essentially a threshold on the heavy ion intensities), there are at least two types of energetic particle events included in our data set. Although we have made preliminary observations concerning the origin and classification of the events, an extensive treatment of each small SEP event is beyond the scope of this work. However, three characteristics of the events that have been investigated are the velocity dispersion of the $0.1-1 MeV nucleon À1 incident particles, the coincident 50-100 keV electron activity, and the passing of interplanetary shocks during the events.
These three features have been examined using data from additional instruments on board ACE. We have checked for velocity dispersion in each event using data from the ULEIS instrument. 7 We find that eight of the events show clear velocity dispersion. These events are noted in Table 1 . Second, we have examined the coincident 50-100 keV electron activity measured using the Electron, Proton, and Alpha Monitor (EPAM) on ACE (Gold et al. 1998) . 8 We find that there are increases in the 50-100 keV electron intensity during all of the small SEP events. Finally, in Table 1 Notes.-Shown in the table from left to right are the event numbers, the event times, the 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratios from ULEIS, one column noting velocity dispersion in the $0.1-10 MeV nucleon À1 ion data from ULEIS, and one column indicating interplanetary shocks detected using the MAG and SWEPAM instruments (see text). Forward shocks are denoted by '' F '' and reverse by '' R.'' Ellipses indicate an event without clear velocity dispersion (fifth column) or an event in which there was no shock detected at ACE (sixth column). The event times used to calculate the 3 He/ 4 He ratios from ULEIS are displaced by 2.7 hr from the times shown in the table to account for the difference in energy ranges between the SIS and ULEIS instruments. Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
For several reasons, we have attributed event 18 to a corotating interaction region (CIR; see, e.g., Fisk & Lee 1980) . This event was observed by Smith et al. 10 to have a reverse shock. In addition, it shows no evidence of velocity dispersion in the $0.1-1 MeV nucleon À1 ULEIS data. It occurs in coincidence with an increase in the solar wind speed from the SWEPAM data, and, as shown in the Appendix, has an enhanced 11-22 MeV nucleon À1 C/O ratio (1:6 AE 0:2 Â coronal). There are also increased $MeV He fluxes at ACE approximately 27 days before and 27 days after the event. Since each of these features are thought to be characteristic of CIRs (see, e.g., Mason et al. 1999b) , we believe it is likely that the event is associated with a CIR.
The set of 39 small events was subdivided into three categories according to the $0.5-2.0 MeV nucleon À1 3 He/ 4 He ratios. As shown in the fourth panel of Figure 2 , 24 of the 39 events had 3 He/ 4 He ratios less than 0.02 ('' 3 He-poor '' events), while seven had 3 He/ 4 He ratios that were between 0.02 and 0.1 ('' moderately 3 He-rich ''). Finally, eight of the events had 3 He/ 4 He ratios greater than 0.1, and were designated '' 3 He-rich ''. In general, the 3 He-poor events had 3 He/ 4 He ratios that averaged, without weighting, to about 0.5%. While the nomenclature '' 3 He-poor '' may appear misleading for these events, given that their 3 He/ 4 He ratios are up to $50 times that of the solar wind, we have chosen to use it as a convenient label for the purposes of this study.
Although the unweighted average 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratio in the 3 He-rich, moderately 3 He-rich, and 3 He-poor groups is $21%, $4%, and $0.5%, respectively, and impulsive SEP events are expected to have higher 3 He/ 4 He ratios than gradual events, one cannot assume that the 3 He-rich events are impulsive and the 3 He-poor events are gradual. More specifically, it is possible that while the 3 He-rich events contain a relatively large fraction of material that was originally accelerated in impulsive SEP events, they may also have been influenced by other physical processes in interplanetary space. For example, Mason, Mazur, & Dwyer ( 1999a) suggested that residual material from past impulsive SEP events may provide a source population for further acceleration by CME-driven shocks associated with gradual events. Observations of SEP composition during large gradual events (Cohen et al. 1999 (Cohen et al. , 2000 Mason et al. 1999a; Wiedenbeck et al. 2000; Tylka et al. 2001 ) and during times of lower solar activity (Richardson et al. 1990; Desai et al. 2001; Slocum et al. 2002) appear to be consistent with this idea.
Heavy-Element Composition
Average energy spectra were measured for C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, and Fe for each of the three SEP event subsets. These spectra were calculated by summing the total number of particles in all events for each subset, dividing by the total amount of instrument livetime, and finally dividing by the geometry factor (in units of cm 2 sr) and the appropriate energy interval. Next, each average spectrum was corrected for contributions from Galactic cosmic rays (GCRs) and anomalous cosmic rays (ACRs; e.g., Fisk et al. 1998 ) as described in x 3. Figure 3 and Table  2 show the resulting $11-22 MeV nucleon À1 relative abundances of 11 heavy elements with respect to C, normalized to coronal abundances (Reames 1998) , for the 3 He-rich, moderately 3 He-rich, and 3 He-poor SEP event subsets.
From Figure 3 , it is apparent that while the heavyelement composition of the 3 He-poor data set generally reflects coronal composition as derived from gradual SEP Note.-The data are shown as dimensionless ratios with the form (X/C)/(X/C) Coronal . event observations (Reames 1998) , the moderately 3 He-rich and 3 He-rich data sets from SIS contain enhancements relative to C in most of the measured elements heavier than O. Also shown in the figure are the 1.9-2.8 MeV nucleon À1 abundances measured for the sample of 228 3 He-rich (1.3-1.6 MeV nucleon À1 3 He/ 4 He > 0.1) events from ISEE-3 (Reames et al. 1994) . The 3 He-rich abundances from SIS are in reasonably good agreement with the ISEE-3 data, especially considering that the energy intervals and the sizes of the two data sets are different (228 ISEE-3 events compared to eight SIS events). There is, however, a significant difference in the Ne/C ratio in 3 He-rich events observed using ISEE-3 (3:51 AE 0:50) and SIS (2:03 AE 0:33).
In comparing the above Ne/C ratio from SIS (2:03 AE 0:33) to other past studies of 3 He-rich events, one finds better agreement than with the value from Reames et al. (1994) . In a study of 139 impulsive SEP events by Reames (1993 Reames ( , 1995b , the average enhancement of Ne/C over the SEP-derived coronal value was found to be 2:61 AE 0:41, reported with 2 standard deviations of uncertainty. Mason et al. ( 2002b) studied 14 3 He-rich events and found the Ne/C enhancement to be 2:96 AE 0:82, with 1 standard deviation of uncertainty. Each of these other measurements are in better agreement with the Ne/C ratio found in this study. Finally, it has been shown recently that there can be great variability in the enhancement patterns of heavy elements in 3 He-rich events (Mason et al. 2002a) . Thus, it is probably not surprising that the Ne/C ratio from SIS in Figure 3 differs from that of ISEE-3.
3. SOLAR QUIET-TIME SPECTRA An important step in deriving the SEP intensities in each small event is the subtraction of GCRs and ACRs from the total particle spectra. Such a correction is necessary because in this study the normalization for the heavy-element abundances in each event is based on the C intensity, and the intensity of C between the small SEP events is nonnegligible at energies of $11-22 MeV nucleon À1 . The magnitude of this adjustment to the C intensity can be as high as $30% in some events. Likewise, the abundances of other heavy elements require a similar correction. Figure 4 shows an example of the total C, N, O, and Ne spectra from event 5, along with the estimated ACR+GCR spectra for comparison. Event 5 is typical of approximately one-third of the data set; the remaining events are large enough not to be affected significantly by the correction for ACRs and GCRs.
The combined GCR and ACR spectra, such as those shown in Figure 4 , have been estimated in each event using SIS measurements from 299 days of low solar activity between 1998 April 9 and 2002 February 14. The 299 days were identified by examining the proton intensities from the EPAM instrument 11 on board ACE and requiring that the daily averaged 1.06-4.75 MeV proton intensity be less than 0.16 (cm 2 sr s MeV) À1 . Most of these quiet days did not overlap with any of the small SEP events, with the exception of the first day of event 17. (Event 17 peaked during the last third of 2000 March 7 and had relatively small proton intensities.) Next, the 299 days were grouped chronologically into four time periods of relatively constant solar modulation, based on inspection of $60-90 MeV nucleon À1 O intensities from SIS. These time periods were 1998 April 9 through 1998 November 24, 1998 November 25 through 2000 January 13, 2000 January 14 through 2001 July 31, and 2001 August 1 through 2002 February 13. For each of the four time periods, the average heavy-element spectra were extracted from the daily measurements. Fig. 3. -Average 11.0-21.8 MeV nucleon À1 abundances of 11 heavy elements with respect to C, normalized to coronal abundances (Reames 1998) , for the 3 He-rich ( filled circles), moderately 3 He-rich (open diamonds), and 3 He-poor (open triangles) data sets. Uncertainties shown on the data points from SIS include 2 standard deviations of statistical error. Also shown are the 1.9-2.8 MeV nucleon À1 abundances ( filled squares) for seven heavy elements reported for 228 impulsive SEP events measured using ISEE-3 for which the 1.3-1.6 MeV nucleon À1 3 He/ 4 He ratio was greater than 0.1 (Reames et al. 1994) . Uncertainties on the ISEE-3 points include 2 standard deviations of combined statistical error and population spread.
11 See footnote 8. Next, for each small SEP event the heavy-element spectra were corrected by subtracting the low solar activity intensities corresponding to the time period in which the small event occurred. Similarly, when the spectra from the small SEP events were summed, the average low solar activity intensities were weighted with the temporal fraction of the small SEP events that occurred during each of the three time periods and were then summed for subtraction from the total spectra.
FRACTIONATION
It has been known for years that the elemental fractionation of ions observed in large gradual SEP events is governed by physical processes that depend on the charge to mass ratio Q/M of the particles (e.g., Breneman & Stone 1985) . Furthermore, as mentioned previously, it is well established that in gradual events the abundances of elements with FIP less than 10 eV are enhanced (when normalized to oxygen) relative to photospheric values (Cook et al. 1984; Breneman & Stone 1985; Meyer 1985) by a factor that varies from event to event (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 .
In order to study the effects of elemental fractionation in Q/M, Z, and FIP in the 39 small SEP events of this study, it is necessary to examine the data one event at a time rather than in groups, as in the previous sections. By doing so, the type and degree of fractionation in each event can be measured independently of the rest of the data set. This is important because the degree of each type of fractionation present may vary considerably from event to event.
Several challenges arise when examining the fractionation in the small events. Because there are at least two types of events in the data set, it is difficult to invoke one mathematical model that completely describes all of the SEP abundances. Also, since there are no charge state measurements for the small SEP events in this energy range (11-22 MeV nucleon À1 ), any model based on Q/M will have an obvious uncertainty in the assumed charge states Q. Additional uncertainties come from the suggestion that the apparent FIP fractionation observed in coronal material is actually '' FIT '' (first ionization time) fractionation (e.g., Geiss 1998). However, since FIP and FIT are related, and FIT is strongly model-dependent, we have used FIP in this paper. Finally, the event intensities in this data set are necessarily small and thus have sizeable statistical uncertainties.
Although we find that a model consisting of a power law in Q/M, or Z, times a step function in FIP does not incorporate all of the variability observed in many events, it is adequate for the purposes of this study. This technique is identical to that used in several past studies of large gradual SEP events (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 . Previously, the technique has not been applied to SEP abundances in impulsive events. This is partly because statistics are generally low in impulsive SEP events and because the heavy isotope enhancements found in impulsive events are not always consistent with a powerlaw dependence on Q/M . However, it is appropriate to investigate the range of applicability of a power-law dependence in Q/M or Z to the heavy-element abundances in impulsive events. Note that Q/M and Z are closely related because Q increases monotonically with increasing Z.
In the absence of charge state measurements for 11-22 MeV nucleon À1 ions from small SEP events, the mean charge states Q in each event have been estimated from the Fe/C ratio. Specifically, Moebius et al. (2000) showed that at $MeV nucleon À1 energies Q Fe increased approximately linearly with the log of the Fe/O ratio in a survey of gradual and impulsive events. The results of the study indicated that the highest values of Q Fe occurred in SEP events with very large Fe/O ratios (k10 Â coronal) and were consistent with temperatures in a thermal equilibrium model of $10 MK. The lowest values of Q Fe came from events with composition similar to that of the corona and were consistent with source temperatures of 1-3 MK. We have applied these results to our study by assuming that Q Fe in each event varies linearly with the log of the Fe/C ratio:
In the equation above Q 1 is defined as the mean charge state of Fe in a thermal equilibrium model (Mazzotta et al. 1998) at temperature T 1 ¼ 2 MK and is applied to events with (Fe/C)/(Fe/C) COR = 1. Similarly, Q 2 is the mean charge state of Fe at T 2 and is applied to events with (Fe/C)/ (Fe/C) COR = 10. The values of T 2 were chosen separately to be 4, 6, 8, and 10 MK in order to evaluate the effects of four temperature spreads (T 1 through T 2 ) on the analysis. Once Q Fe in each event was estimated from equation (1), the corresponding temperature and mean charge states of the other heavy elements were determined from the thermal equilibrium model. With the above points in mind, we have calculated the $11-22 MeV nucleon À1 heavy-element abundances with respect to C, normalized to photospheric abundances (Grevesse & Sauval 1998) , for each of the 39 SEP events in the data set. We have investigated the dependence of the abundance ratios on Q/M or Z, fitting the abundances of each event with the functional form of a power law times a step function in FIP:
where the FIP factor is defined as A 1 . Sulfur is not included in any of the fits because its FIP value is approximately 10 eV, in the transition between the high FIP and low FIP elements. The fit values for and A 1 for each event, using either Q/M at four temperature ranges or Z, appear in Table 3 . Figure 5 shows examples of fits with power laws in Q/M and in Z for four small SEP events, assuming a temperature spread (T 1 to T 2 ) of 2-4 MK over the whole data set. The four events shown in the figure have been chosen to display a variety of values, both positive and negative, of the powerlaw indices from the fits. The uncertainties shown in the plots of Figure 5 include the statistical uncertainty in the abundances of element '' X '' in the SEP event and the uncertainty in X in the photosphere. The uncertainty in C is not included because it is a factor common to each data point in the plots and therefore does not affect the calculation of the FIP step magnitudes or power-law slopes. Figure 6 summarizes the results for similar fits to each of the small events, as well as for 13 '' typical '' large SEP
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events measured for comparison using SIS data for the heavy elements and ULEIS data for the He isotope ratios.
The 13 large SEP events occurred between 1997 November 6 and 2001 May 10. They were selected from a larger set of gradual events by requiring that the spectral indices of the SEP energy spectra not vary significantly among the elements. The charge states Q in the large SEP events were taken from the mean charge states reported by Labrador et al. (2001) . In this study Labrador et al. measured the mean charge states of six elements from five large SEP events, in the energy range $15-150 MeV nucleon À1 . The five large SEP events in the study were divided into two groups according to the Fe/O ratio, and average charge states were reported for each group. The top two panels of Figure 6 show the power-law indices taken from the fits in the small SEP events (in Q/ M and in Z), plotted as a function of the 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratio from ULEIS. One clear feature in these two plots is the tendency for the power-law indices in Q/M (Z) to decrease (increase) continuously with the 3 He/ 4 He ratio. This trend in the power-law indices reflects the increasing relative abundance of heavy elements with the 3 He content and has been seen in recent studies of small SEP events (Ho et al. 2000; Dwyer et al. 2001) . Dwyer et al. (2001) concluded that this observation was best explained by a mixing of gradual and impulsive event material, similar to the suggestion by Mason et al. (1999a) . Similarly, we believe that the apparent correlation between the heavy-element enhancements and 3 He/ 4 He in this study is probably due to mixing of material from gradual and impulsive events. It is also true that the data set contains more than one type of event, which certainly contributes to the spread in power-law indices shown in the figure. 2.6 AE 0.7 0.5 AE 0.9 2.6 AE 0.7 0.5 AE 0.9 2.6 AE 0.7 0.5 AE 0.9 2.6 AE 0.7 0.5 AE 0. 3.6 AE 0.5 1.5 AE 0.6 3.6 AE 0.5 1.5 AE 0.6 3.6 AE 0.5 1.5 AE 0.6 3.6 AE 0.5 1.5 AE 0. 6.7 AE 1.5 1.8 AE 0.9 6.7 AE 1.5 1.8 AE 0.9 6.7 AE 1.5 1.8 AE 0.9 6.7 AE 1.5 1.8 AE 0. 2.6 AE 0.6 À1.1 AE 0.7 2.6 AE 0.6 À1.1 AE 0.7 2.6 AE 0.6 À1.1 AE 0.7 2.6 AE 0.6 À1.1 AE 0.7 2.2 AE 0.7 0.5 AE 0.4 38............ 2.3 AE 0.5 À4.6 AE 0.5 2.2 AE 0.5 À4.8 AE 0.5 2.4 AE 0.5 À5.2 AE 0.6 2.6 AE 0.5
Notes.-Characteristics of the 39 small SEP events included in this study. Shown in the table from left to right are the event numbers and the FIP factors and power-law indices derived using fits with the functional form described by eq. (2). The assumed charge states for the fits in Q/M are taken from a thermal equilibrium model Mazzotta et al. 1998 using temperatures determined using eq. (1). Table 3 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
The two lower panels in Figure 6 show the extracted FIP step magnitudes (A 1 ) from the fits with power laws in Q/M and in Z, plotted against the 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratios from ULEIS. In these plots the FIP factor is shown to be statistically significant and greater than 1 for almost every small SEP event in the study, including the 3 He-rich ones with heavy-element composition typical of impulsive SEP events. There also appears to be a great deal of variability in the FIP factor, as has already been shown in large SEP events (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 , with little dependence on the 3 He content. Finally, one can see that the FIP step magnitudes derived using a power law in Q/M with an assumed temperature spread of 2-4 MK (left panel) are better determined than those derived using a power law in Z (right panel). The other fits in Q/M with larger assumed temperature spreads (not shown) also yield better determinations of the FIP step magnitude than fits using a power law in Z.
For clarity, the lower two panels of Figure 6 have been further quantified in Figure 7 . Figure 7 shows four histograms with the distributions of the sizes of the FIP steps, for the entire data set and for each of the three event subsets based on 3 He/ 4 He. Each histogram also contains a shaded region that corresponds to the weighted average of the FIP steps, with 1 standard deviation of uncertainty. This uncertainty is calculated by combining, in quadrature, the statistical uncertainties on the FIP steps with 1 standard deviation of the population spread in the histogram. The resulting uncertainties, shown in Figure 7 , are dominated by the population spreads. From these four histograms it is clear that Fig. 5 .-Heavy-element abundances with respect to C for four small SEP events, normalized to photospheric abundances (Grevesse & Sauval 1998) , plotted against estimated Q/M at temperatures between 2 and 4 MK (left panels) and against nuclear charge Z (right panels). The uncertainty plotted for each data point include 1 standard deviation of statistical uncertainty on the SEP abundance of element X, and the uncertainty on X in the photosphere. Filled circles correspond to elements with FIP less than 10 eV, and open triangles to elements with FIP greater than 10 eV. The solid lines represent a fit with a power law times a step function in FIP, as described by eq. (2). The sulfur data point (FIP $ 10 eV), plotted as an open square, is not included in the fit. the magnitude and variability of the FIP step are similar throughout the data set, within the stated uncertainties. Also of note is that the average FIP steps are consistent in magnitude with those measured in past studies of large gradual SEP events (4:3 AE 2:2 by Garrard & Stone 1994 , and 3:9 AE 0:9 by Mewaldt et al. 2000 Mewaldt et al. , 2002 . This similarity is not surprising, considering that the corona is known to be a source region in both gradual SEP events (Cook et al. 1984 ) and 3 He-rich events (Reames et al. 1994) . However, the variability of the FIP steps derived from this data set ($2-7) is somewhat greater than the $3-7 found by Mewaldt et al. (2000 Mewaldt et al. ( , 2002 and the factor of 2 found by Garrard & Stone (1994) in large gradual events.
In order to check the reliability of the derived FIP values in the small SEP events, we have compared the values of the FIP step extracted from the fits using power laws in Q/M (FIP Q=M ), with varying temperature spreads and power laws in Z (FIP Z ). Figure 8 shows FIP Q=M at 2-4 MK plotted against FIP Q=M at 2-10 MK, and FIP Q=M at 2-4 MK plotted against FIP Z , for the set of small SEP events. For reference, the dotted line in each panel represents a straight line through the origin with a slope of 1. From the left panel one can see that the derived FIP steps from power laws in Q/M are very consistent with one another and are not sensitive to the assumed range of charge states. It is also clear from the right panel that the FIP step derived from a power law in Z is reasonably consistent with that derived from Q/M, with possible differences for the larger FIP cases, although the uncertainties in FIP Z are relatively large.
As a final check on the existence of a FIP step in the small SEP events, we have examined the effect of removing FIP from the model described by equation (2). Figure 9 shows the values of 2 per degree of freedom ( 2 ) from the fits using the function in equation (2) based on Q/M at 2-4 MK, plotted against ( 2 ) from the fits without a FIP step (A 1 1 in eq. [2]). As evident in the figure, the removal of FIP from the model significantly increases the value of 2 and therefore worsens the quality of the fit to the data in each event. Figure 9 also shows that although the FIP model accounts for a significant part of the fractionation observed, He ratios from ULEIS for the 39 small SEP events in this study ( filled symbols), and for 13 large gradual SEP events (open squares). The lower panels depict the FIP steps derived from a fit with a power law in Q/M (left panel) and in Z (right panel) plotted against the 0.5-2.0 MeV nucleon À1 3 He/ 4 He ratios from ULEIS. The charge states Q in the small SEP events are calculated as described in the text, assuming a temperature spread of 2-4 MK over the data set. The charge states in the 13 large SEP events are taken from Labrador et al. (2001). many events have fits that result in a 2 value greater than 1 (e.g., Fig. 5, event 15 ). This indicates additional variability in the heavy-element abundances that is not accounted for by FIP or Q/M fractionation.
SUMMARY
The average 11-22 MeV heavy-element composition of the 39 small SEP events examined in this study was found to be in good agreement with that of past studies. The average composition of the eight 3 He-rich events agrees reasonably well with the previous study of 228 impulsive events by Reames et al. (1994) , with the exception of Ne/C. The heavy-element abundances of the 24 events with 3 He/ 4 He < 0.02 are strikingly consistent with coronal composition derived from large gradual SEP events.
In the 39 SEP events of this data set, there appears to be a trend toward increasing heavy-element content with increasing 3 He/ 4 He ratio. As noted by Dwyer et al. (2001) , this behavior is likely due to mixing between impulsive SEP material and shock-accelerated coronal material and has been seen before in recent studies of small SEP events at lower energies (Ho et al. 2000; Dwyer et al. 2001) . The FIP effect has been measured in each of the small SEP events and has been found to vary in magnitude between approximately 2 and 7. This variability is somewhat greater than that found in previous studies of large gradual events. (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 . We do not find any dependence in the average size of the FIP factor on the 3 He content. This result is not unexpected, considering that the corona is known to be a source region in both gradual SEP events (Cook et al. 1984) and in 3 He-rich events (Reames et al. 1994) . However, it is of note that the FIP factor in impulsive SEP event material, and therefore in impulsive SEP events, is consistent in magnitude but greater in variability than that found in previous studies of large gradual events (Garrard & Stone 1994; Mewaldt et al. 2000 Mewaldt et al. , 2002 . 
